Abstract -In this paper we consider the problem of radiation from a vertical short (Hertzian) dipole above flat ground with losses, which represents the well -known in the literature 'Sommerfeld radiation problem'. We end -up with a closedform analytical solution to the above problem for the received electric and magnetic field vectors above the ground in the far field area. The method of solution is formulated in the spectral domain, and by inverse three -dimensional Fourier transformation and subsequent application of the Stationary Phase Method (SPM) the final solutions in the physical space are derived. To our knowledge, the above closed -form solutions are novel in the literature for the Sommerfeld radiation problem.
INTRODUCTION
The so -called 'Sommerfeld radiation problem' is a well -known problem in the area of propagation of electromagnetic (EM) waves above flat lossy ground for obvious applications in the area of wireless telecommunications [1, 2] . The classical Sommerfeld solution to this problem is provided in the physical space by using the so-called 'Hertz potentials' and it does not end -up with closed form analytical solutions. K. A. Norton [3] concentrated in subsequent years more in the engineering application of the above problem with obvious application to wireless telecommunications, and he provided approximate solutions to the above problem, which are represented by rather long algebraic expressions for engineering use, in which the so -called 'attenuation coefficient' for the propagating surface wave plays an important role.
In this paper the authors take advantage of previous research work of them for the EM radiation problem in free space [4] by using the spectral domain approach.
Furthermore, in Ref. [5] the authors provided the fundamental formulation for the problem considered here, that is the solution in spectral domain for the radiation from a dipole moment at a specific angular frequency ( ) in isotropic media with a flat infinite interface. At that paper, the authors end -up with integral representations for the received electric and magnetic fields above or below the interface [Line of Site (LOS) plus reflected field -transmitted fields, respectively], where the integration takes place over the radial spectral coordinate k . Then, in the present paper the authors concentrate to the solution of the classical 'Sommerfeld radiation problem' described above, where the radiation from a vertical dipole moment at angular frequency takes place above flat lossy ground [this is equivalent to the radiation of a vertical small (Hertzian) dipole antenna above the flat lossy ground]. By using the Stationary Phase Method (SPM method [6] ) integration over the radial spectral coordinate k is performed and novel, to our knowledge, closed -form analytical solutions for the received electric and magnetic fields in the far field zone (where SPM method is applicable) are derived. Finally, physical interpretation of these novel closedform analytical expressions are provided in Ref. [7] , where a variant version of the present paper of ours can be found.
GEOMETRY OF THE PROBLEM
The geometry of the problem is given in Fig. 1 . Here a Hertzian (small) dipole with dipole moment p directed parallel to positive x -axis, at altitude x 0 above the infinite, flat and lossy ground, radiates timeharmonic electromagnetic (EM) waves at angular frequency =2 f [exp(-i t) time dependence is assumed in this paper]. Here the relative complex permittivity of the ground (medium 2) is r = / 0 = r +ix , where x= / 0 =18×10 9 /f , being the ground conductivity, f the frequency of radiation and 0 =8.854 ×10 -12 F/m is the absolute permittivity in vacuum or air. Then the wavenumbers of propagation of EM waves in air and lossy ground, respectively, are given by the following equations :
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is the (unique) stationary point [7] and is the angle shown in Fig. 2 , below, involving the image of the radiating dipole. Furthermore, note that regarding the above SPM calculations the following assumption was made :
for which case function H 0 (1) (k ) of eqs. (5) -(7) becomes a highly oscillating function of k . Then, since Stationary Phase Method (SPM) was applied, we just replaced H 0 (1) (k ) in eqs. (5) - (7) by its asymptotic large argument approximation : 
For wireless telecommunication applications, which are of primary interest in this paper, condition (16) appears to be a rather weak condition, especially for frequencies f=100 MHz (radio FM) and above.
CONCLUSIONS -FUTURE RESEARCH
In this paper we have derived analytical closed -form solutions for the received electromagnetic (EM) field for the problem of radiation of vertical Hertzian (small) dipole antenna above infinite, flat and lossy ground. To our knowledge these expressions are novel in the literature, and they have been derived here from a formulation in the spectral domain [4, 5] . Futhermore, very interesting remarks regarding the physical interpretation of the analytical expressions mentioned above can be found in [7] , including wavenumbers of propagation (in horizontal and vertical directions), surface wave behavior and formula for the Fresnel reflection coefficient in the problem examined here, as well as in the limiting case of 'space waves' (where the usual expression for the Fresnel reflection coefficient is obtained). Related research in the near future by our research group will include : comparison of values for the received EM field with K. A. Norton' results [2] (preliminary comparisons of ours already show very satisfactory accuracy / not shown here), derivation of corresponding EM field expression for the transmitted EM field (region x < 0), solution of the corresponding problem for horizontal radiating Hertzian dipole above flat and lossy ground, propagation in isotropic and anisotropic crystals with interface (at x=0) etc.
